An L-band wind profiler deployed at an industrial park (120.38 E, 22.6 N) close to Kao-Hsiung city in southern Taiwan is utilized to diagnose the vertical structure of Mei-yu frontal precipitating cloud systems observed during 9-11 June 2006. Observational results show several mesoscale convection systems associated with the Mei-yu frontal cloud produced heavy rainfall over Taiwan island. Mei-yu precipitating clouds are classified into three types: convective, mixed convective-stratiform and stratiform based on vertical profile of Signal-to-noise ratio (SNR)/Reflectivity and Doppler velocity during approaching, passing, and leaving stages of the cloud systems. In approaching and pre-passing stages of Mei-yu frontal clouds, a pre-dominant convective precipitation without a significant bright band is observed. In contrast, a pronounced bright band around 4 km was observed during post-passing and leaving stages of the frontal clouds with stratiform precipitation. Doppler velocity profiles show hydrometeors (ice/snow) at 5 km and rain below 4 km for stratiform precipitation. For Mei-yu frontal stratiform precipitation the melting particles accelerations of 3.3 ms À1 km À1 are observed for the bright band region.
Introduction
Mei-yu (also known as Baiu in Japan, Changma in Korea) season is early summer rainy period (from mid-May to mid-June) over Taiwan (Yeh and Chen 1998) . During this rainy season, the quasi-stationary Mei-yu front can extend from western China to western Japan and is characterized by a weak temperature gradient, strong vertical wind shear, and large moisture gradient across the front at low levels. The activity of the Mei-yu front is greatly influenced by the Asian monsoon circulation coupled with the subtropical high over the north Pacific. The front system also plays a large role in longitudinal transport of energy and moisture in the summer season (Ding 1994; Ninomiya 2000) .
For better understanding of the characteristics of the Mei-yu front and associated weather phenomena, Taiwan Area Mesoscale Experiment (TA-MEX) was jointly conducted by Taiwan and United States during May-June 1987. A northsouth-oriented, multi-cellular squall line observed during TAMEX was analyzed as it moved into mountainous areas (Teng et al. 2000) . Based on the TAMEX data, Chen et al. (1989) , Trier et al. (1990) , and Chen and Hui (1990, 1992) showed that over southern China the structure of the Meiyu front resembled a mid-latitude cold front before seasonal transition in mid-June. Lau et al. (2000) carried out an international field experiment during the South China Sea Monsoon Experiment (SCSMEX) with the objective of better understanding the key physical processes for the onset and evolution of the summer monsoon over Southeast Asia and southern China aiming to improve monsoon predictions.
According to Chen (1992) , four to five surface frontal systems advance southeastward from southern China to Taiwan each year by replacing southwesterly monsoon flow with post-frontal northeasterlies (Chen and Li 1995) . Chen (1993) also showed that most of the fronts passed over Taiwan influenced by the island weather with an average lifetime of 8 days. Major portion of the west coast of Taiwan experienced a vigorous cold frontal passage with deep convection and heavy rainfall (Trier et al. 1990; Yeh and Chen 1998) . Kuo and Chen (1990) showed that the complex island topography of the CMR frequently interacted with frontal systems to produce locally heavy rainfall. In most of previous Mei-yu studies, characteristics of mesoscale disturbances have been studied by Chen et al. (2005) and Yeh & Chen (1998) .
So far, a few studies have been made to understand vertical structure of the Mei-yu frontal systems over Taiwan Island. Wind profiler is one of the useful sensors to understand wind structures and vertical structure of the precipitating with good temporal and vertical resolutions. Because, UHF/ L-band wind profiler is sensitive to fluctuation in the radar refractive index or turbulence in clear air as well as the presence of hydrometeors. These hydrometeors are detected at ranges resolved by the wind profiler (Eclund et al. 1995) yielding the vertical structure of the precipitation system. The advantage of the L-band wind profiler is sensitive to hydrometeors but it does not su¤er attenuation in rainfall unlike microwave frequencies over 10 GHz (Teshiba et al. 2001) . Another advantage of the wind profiler is to measure directly the vertical profiles of reflectivity and Doppler velocity within a convective environment (Gage et al. 1994) . Several researchers (Gage et al. 1994; Hashiguchi et al. 1995; Williams et al. 1995; Reddy et al. 2002; Atlas and Williams 2003; Pan et al. 2010 ) have used wind profiler to reveal details about the vertical structure of mesoscale precipitating cloud systems. Since the vertical distribution of diabatic heating depends on the vertical structure of the convective system (Simpson et al. 1988) , it is important to study the vertical structure of the precipitating clouds occurring during Mei-yu period. Moreover, the vertically-resolved diabatic heating rate is an important quantity that is needed to parameterize mesoscale convective systems in numerical models. In Mei-yu front studies, Fukao et al. (1988) first employed a 46.5 MHz VHF wind profiler (MU radar) to study the mesoscale wind characteristics of Baiu front in Japan. Using the same radar, Shibagaki et al. (1997) first investigated the vertical hierarchical structure of sub-synoptic-scale frontal depressions. However, information about the fine spatial structure and temporal evolution of vertical structure of Mei-yu front in sub-tropical regime such as in Taiwan is still rare. In this paper, Lband wind profiler continuous observations of a Mei-yu frontal passage from 9 to 11 June 2006 were analyzed.
This study is organized as follows: In Section 2, topography and experimental set-up are described. Synoptic-scale circulations related to the evolution of the Mei-yu frontal cloud bands from 9 to 11 June 2006 are described in Section 3. In Section 4, vertical structure of precipitation observed by the wind profiler associated with frontal cloud band during approaching, passing and leaving stages are discussed in detail. Finally, summary and conclusions are provided in Section 5.
Topography and experimental set-up
The topography of Taiwan and the location of wind profiler and Kao-Hsiung surface observatory (about 8 km west of the wind profiler site) are depicted in Fig. 1 . Taiwan has a complicated Central Mountain Range (CMR) with high altitude peaks. The CMR, whose dominant peak has a height of 3,997 m above mean sea level, runs through Taiwan in a north-northeast-south-southwest direction with a width of about 120 km, a length of about 300 km, and an average height of 2 km. The weather character of the frontal passage was considerably di¤erent on opposite sides of the island due to the CMR dominates Taiwan. Kuo and Chen (1990) showed that the complex topography of the CMR frequently interacted with frontal systems to produce locally heavy rainfall.
The DEGREWIND PCL1300 wind profiler was deployed at an industrial park close to Kao-Hsiung city in the southern Taiwan and operated continuously almost every day to observe the clear and precipitation echoes in the lower atmosphere. The main characteristics of this wind profiler are a 1290-MHz transmitted frequency, with a 4-kW peak pulse power, and a 25-kHz pulse repetition frequency. One vertical and four oblique beams, with an o¤-zenith angle of 17 degrees disposed every 90 degrees in azimuth, were swinging continuously to detect the winds. The altitude coverage is from 0.235 km to 6.543 km with a 150-m range resolution. 20 successive Doppler spectra obtained from a 128-point discrete Fourier transform are used to extract the first three moments of the atmospheric echoes. Three moment's data of wind profiler, namely, signal-to-noise ratio (SNR)/ reflectivity, Doppler velocity, and spectral width allow us to retrieve the microphysical characteristics of precipitation. The information about the echo power intensity, radial winds as well as noise level is then deduced. We further incoherently average the derived products in the time domain to present horizontal winds and signal-to-noise ratio (SNR) at every 30 minutes.
The Doppler spectra are power-weighted distributions of the radial velocities of the scatters within the radar resolution volume. The shape of the Doppler spectra is characterized by the first three spectral moment information about the hydrometeors in the precipitating cloud systems. The moments yield the reflectivity of the hydrometeors, the reflectivity-weighted fall speed of the hydrometeors and the variance of the hydrometeor fall speeds within the observing volume. During approaching, passing and leaving stage of the frontal cloud system, there were many significant mesoscale features embedded in the Mei-yu cloud bands and these important observation results could be helpful to understand the heavy rainfall. Hence, understanding of the vertical structure of Mei-yu frontal precipitation systems is essential to understand the atmospheric circulation. Since the physical and dynamical processes of air motion in stratiform clouds are di¤erent from convective clouds. And also the vertical profiles of latent heat released in the atmospheric are distinctly di¤erent for convective and stratiform precipitating cloud systems. To determine the precipitating cloud type from wind profiler data, the 30-min averaged reflectivity, and Doppler Velocity derived from the vertical-pointing beam are calculated. For the present study, we adopted modified algorithm based on Williams et al. (1995) the vertical structure of the precipitating cloud systems as deep/shallow convective [without existence of bright band (hereafter, BB)], mixed clouds (transition of convective and stratiform clouds developed due to expansion of convection cloud into a broad hinged/banded cloud system with BB existence @4.5 km altitude), and stratiform (BB presence without convective clouds). This algorithm is based on the judgment of presence of a melting layer and the presence of hydrometeors above the melting layer.
Synoptic situation during 9 to 11 June 2006
A Mei-yu front with northeast-to-southwest orientation extended from southern Japan to southern China was propagated into Taiwan from 9 to 11 June 2006. Figure 2 shows synoptic weather maps at 850 hPa level for four days from 9 to 12 June 2006. At 0000 UTC of 9 June 2006, there was a low pressure system with two centers located at 135 E, 35 N in southern Japan at 850 hPa and other one at 120 E, 42 N. Associated low level trough is extended from the low pressure center to southwestern China. Fig. 2(a) depicts that the frontal zone extended into Taiwan due to the low pressure system with Pacific high pressure system. After 24 hours, Fig. 2(b) showed the leading low pressure center moved to east of Japan and the following low pressure center dominated the environment around Taiwan. A low level trough with surface stationary front (not shown in figure) passed Tai- wan very slowly form the Pacific high pressure ridge strengthen to southwestern Pacific on 10 June 2006, heavy rainfall were observed over whole Taiwan island during the day. In the next 48 hours, Figs. 2c, 2d depicted the low pressure system moved eastward with the weakening of Pacific high and the 850 hPa trough passed over Taiwan afterwards dissipated. This frontal passage process is similar to the TAMEX observation (Chen 1993) , and also trough at 850 hPa played an important role during the Mei-yu front passage. 
Observational results
Figs. 4a, 4d, 4g denotes the distributions of time-height cross section of range corrected signalto-noise ratio (dB); Figs. 4b, 4e, 4h describes horizontal U (zonal)-V (meridional) component of winds and Figs. 4c, 4f, 4i shows surface temperature and hourly rainfall (bottom panel) collected from Kao-Hsiung surface observatory (@8 km west of the radar site) from 9 to 11 June, 2006.
First episode from 00 UTC to 24 UTC of 9 June 2006 revealed the frontal system approaches the inland but remains stationary over the southwestern Taiwan. The MCSs embedded in the cloud systems move onshore from the South China Sea one after one along with the southwesterly monsoon flow to cause heavy rainfall. Strong reflectivity echoes with- out bright band [Radar signature of the melting layer; a narrow horizontal layer of stronger radar reflectivity in precipitation at the level in the atmosphere where snow melts to form rain] dominate during 0600 to 0900 UTC, 1500 to 1800 UTC and 2100 to 2200 UTC on 09 June 2006. Heavy rainfall is observed by a surface rain gauge during these three periods. The precipitation is due to strong convection with intermittent and heavy rainfall caused due to the passages of convective cells. On the other hand, the temperature decreased significantly during the precipitation periods indicating a cold advection (wind direction changes clockwise with altitude in the middle panel of the plot) interacted with the precipitation. During the second episode [as denoted in Fig.  4 (d) from 0000 UTC to 1300 UTC on 10 June 2006] the front system starts to move southeastward toward observation site around 0200 UTC on June 10, 200. From the SNR/reflectivity, during the Mei-yu frontal passage, clear demarcation of convective and stratiform precipitation is observed. The rainfall amount between convection and stratiform precipitation is very di¤erent. Shallow fontal surface can be identified by the wind shift [surface front passed from 0600 to 1200 UTC June 10 since the wind shifted from southwesterly to easterly and the slope of wind change resembles to a cold front features]. Under the influence of the frontal system, the temperature decreased noticeably and an hourly rainfall maximum greater than 100 mm is recorded by the rain gauge.
During third episode [as denoted in Fig. 4 (c) from 1700 UTC of 10 June to 0500 UTC of 11 June 2006], showed a pronounced BB at 5 km indicating the wide spread stratiform precipitation. Luo et al. (2010) utilized an Advanced Research Weather Research and Forecasting model to investigate impacts of cloud microphysics parameterizations on simulated convective-stratiform precipitation processes of Mei-yu frontal system. They found that the detrainment of hydrometeors and positively buoyant air from the deep convective regions to the stratiform regions is significantly di¤erent, a¤ecting the formation and growth of ice-phase hydrometeors at the upper levels and thus surface rainfall rates in the stratiform regions.
The vertical profiles of latent heat released to the atmosphere are distinctly di¤erent between the two basic modes: convective and stratiform precipitating cloud systems. Implications of the di¤erent heating profiles in convective and stratiform regions on the large circulation of the tropics are discussed by Mapes and Houze (1995) . Understanding of microphysical process can be extended by systematic study of vertical profile of precipitating cloud and its variation. We classified Mei-yu cloud bands into three types: convective, mixed (convectivestratiform) and stratiform precipitation type from the vertical profiles of SNR and Doppler Velocity as follows. Figure 5 shows the vertical profiles of (a) range corrected SNR (dB)/reflectivity (dB) of the approaching stage and pre-passing stage of the precipitating clouds from 0630 UTC of 9 June to 0330 UTC of 10 June 2006. Wind profiler observational results for the six vertical profiles of the precipitation show there is no significant BB up to 6 km altitude and, moreover, both approaching and passing stages of the convection system moved into southern Taiwan from sea. The vertical profiles of SNR at 0630 UTC and 0830 UTC of 9 June and 0200 UTC and 0330 UTC of 10 June 2006 reaches SNR over 50 dB from 2 km to almost 4 km in altitude, indicating strong convection with heavy rainfall during these periods (Fig. 4) . The vertical profiles of Doppler velocity observed during passage of the Mei-yu front presented in 5(b). During approaching and passing stages, average Doppler velocity of hydrometers is 1.8 ms À1 km
À1
between 4 and 5 km altitude. This information reveals that di¤erent acceleration process in the microphysical changes for convective precipitating clouds. Figure 6 indicates the vertical profiles of SNR and Doppler velocity during post-passing stage and leaving stage of the frontal clouds. As shown in Fig. 6(a) , the background condition in the melting layer may vary significantly for di¤erent precipitation events. From 0530 UTC of 10 June to 1242 UTC of 11 June 2006, five rainfall events were recorded by wind profiler. The bright band occurred above 4 km altitude but from 1912 UTC of 10 June 2006 onward the BB appeared around 5 km.
Comparison of Fig. 5 and Fig. 6 shows a distinctly di¤erent vertical profile of precipitation during the Mei-yu front passage. The vertical profiles of SNR and Doppler Velocity show that rain echoes appear at higher altitudes for convective precipitation than the stratiform precipitation. And also, the vertical profiles of stratiform rain measured by the wind profiler show that the Rayleigh scattering from the ice and snow above 6 km and from rain below 4 km. The stratiform precipitation profiles follow the characteristics that are identified by Fabry and Zawadzki (1995) . This information reveal the di¤erent acceleration process in the microphysical changes for Mei-yu frontal rainfall. After the front passage, mixed convective and stratiform precipitating clouds are observed. It also shows the strong SNR echo reached around 60 dB of the melting level in the tail of front passage (0530 UTC of 10 June) but decreased dramatically to 42 dB in leaving stage (2330 UTC of 10 June) with straitform precipitating clouds having very light rainfall observed after 0300 UTC of 10 June (Fig. 4) is associated.
Nevertheless, the vertical profiles of Doppler velocity observed during post-passing stage and leaving stage show di¤erent microphysical (cloud/ rainfall type) characteristics when compared with the approaching stage. Figure 6(b) shows the vertical profiles of Doppler velocity of hydrometers in the post front passage is 3.3 ms À1 km À1 and it is the same magnitude as shown in Pan et al. (2010) for showery precipitation. This feature reveals the di¤erent acceleration process in the microphysical changes for pre-frontal and post-frontal stages of the frontal cloud system.
Summary and conclusions
For the first time, L-band wind profiler deployed near Kaohsiung city in the southern Taiwan is used to elucidate Mei-yu frontal system (from 9 to 11 June 2006) evolution by monitoring the precipitating cloud (Convective or Stratiform) fractions during approaching, passing and leaving stages. The stationary front merged with the warm moist air from southwesterly and cold shallow air from mainland triggered heavy rainfall. When the Meiyu front approaches to southern Taiwan, persistent lower southwesterly flow with strong convection produced heavy amounts of rainfall over southern portion of Taiwan island. During the passage of Mei-yu frontal clouds, precipitation type changed drastically from convection to mixed (convectionstraitiform) type. During the leaving/dissipating stage of Mei-yu frontal clouds, bright band appeared around 5 km with less rainfall. Therefore, the bright band characteristics and the mixed clouds are absolutely important investigations of Mei-yu frontal precipitation. These results suggest that synchronous observation on vertical structure of the precipitation systems during the Mei-yu period will contribute to the improvement of heavy rainfall forecasting and understanding of climate changes.
